The aim of this work was to determine whether reductive acetogenesis can provide an alternative to methanogenesis in the rumen. Gnotobiotic lambs were inoculated with a functional rumen microbiota lacking methanogens and reared to maturity on a fibrous diet. Lambs with a methanogen-free rumen grew well, and the feed intake and ruminal volatile fatty acid concentrations for lambs lacking ruminal methanogens were lower but not markedly dissimilar from those for conventional lambs reared on the same diet. A high population density (10 7 to 10 8 cells g ؊1 ) of ruminal acetogens slowly developed in methanogen-free lambs. Sulfate-and fumarate-reducing bacteria were present, but their population densities were highly variable. In methanogen-free lambs, the hydrogen capture from fermentation was low (28 to 46%) in comparison with that in lambs containing ruminal methanogens (>90%). Reductive acetogenesis was not a significant part of ruminal fermentation in conventional lambs but contributed 21 to 25% to the fermentation in methanogen-free meroxenic animals. Ruminal H 2 utilization was lower in lambs lacking ruminal methanogens, but when a methanogen-free lamb was inoculated with a methanogen, the ruminal H 2 utilization was similar to that in conventional lambs. H 2 utilization in lambs containing a normal ruminal microflora was age dependent and increased with the animal age. The animal age effect was less marked in lambs lacking ruminal methanogens. Addition of fumarate to rumen contents from methanogen-free lambs increased H 2 utilization. These findings provide the first evidence from animal studies that reductive acetogens can sustain a functional rumen and replace methanogens as a sink for H 2 in the rumen.
Methane (CH 4 ) eructated from ruminants represents a loss of 8 to 13% of the digestible energy ingested by the animal (71) and contributes to global warming. The amount of methane produced by ruminants varies with the farming system, the nature of the feed, the feeding level, the feed digestibility, and the animal species (6, 67, 71) . The annual production of methane by ruminants, estimated to be 80 to 120 ϫ 10 6 tons or approximately 15% of total anthropogenic methane emissions (16, 63) , is the second largest biogenic source of methane after rice paddy fields. Decreasing methane emissions from ruminant livestock is desirable in order to both reduce greenhouse gases in the atmosphere and improve energy capture during digestion.
Nutritionists have been trying for a long time to mitigate rumen methane emissions in order to enhance animal performance but so far have not been successful. The methods most commonly attempted involve utilization of antibiotics and ionophores (58) , halogenated methane analogues (20, 37, 59) , heavy metals (70) , lipid-rich materials such as coconut oil (21, 26, 54, 55, 56) , probiotics (58) , bacteriocin (47) , and numerous chemicals (1, 4) . Immunization against methanogens (79) , elimination of ciliate protozoans which support methanogen populations (64) , and addition of acetogenic bacteria to rumen fluid in in vitro tests (50, 51, 65) have also been tested. Increasingly, the use of antibiotics or toxic chemicals as inhibitors is becoming unsustainable because of negative effects on the environment and residues in meat and milk products. The key steps for developing successful methane abatement strategies are likely to be steps which exploit natural processes in the rumen. One such approach is based upon establishing nonmethanogenic sinks for the hydrogen produced during fermentation (39, 40) . In the rumen, CH 4 is produced by methanogens using hydrogen to reduce CO 2 according to the following equation: 4H 2 ϩ CO 2 3 CH 4 ϩ 2H 2 O. The nonmethanogenic hydrogenotrophic bacteria residing in the rumen include acetogens that reduce CO 2 to form acetate (4H 2 ϩ 2CO 2 3 CH 3 COOH ϩ 2H 2 O) by the Wood-Lungdahl pathway (reductive acetogenesis), sulfate-reducing bacteria (SRB) that reduce sulfate to hydrogen sulfide (60, 61) , and bacteria that use hydrogen to reduce fumarate to succinate (3) . Succinate, the product of fumarate reduction, is decarboxylated to propionate, a valuable animal nutrient (78) . When animals are fed normal diets, acetogens and fumarate reducers are not competitive with methanogens in terms of H 2 scavenging, and methanogenesis appears to be the dominant hydrogenotrophic mechanism in the rumen microbial ecosystem. In microbial ecosystems such as those in the colons of non-methane-producing human subjects (8, 10) or in the guts of xylagophagous termites (11, 12, 75) , reductive acetogenesis is the major pathway for removing hydrogen.
During the last decade the ruminal acetogens, a phylogenetically diverse and metabolically versatile group of bacteria, have been the focus of numerous studies (8, 9, 11, 23, 73, 75) . Some ruminal acetogen strains have been found to outcompete methanogens for H 2 in vitro (14, 40) , and efforts have been made to demonstrate effects from reductive acetogenesis in the rumen; however, so far these efforts have not been successful (19, 50) . Reductive acetogenesis has been stimulated in vitro after selective inhibition of methanogens (50, 66) . Recent investigations, largely limited to in vitro studies, have shown that addition of sodium fumarate can decrease CH 4 production (2, 52) . This suggests that fumarate reduction and reductive acetogenesis are potential alternatives to methanogenesis in the rumen. Sulfate reduction, which in ecosystems such as marine sediments is more efficient than methanogenesis, is not an option for methane abatement because the hydrogen sulfide end product is toxic to the host animal.
The use of gnotobiotically reared lambs harboring either a simple or complex microflora is an important method for investigating the role of specific microbes in the rumen (36) . Such in vivo systems have already been used to study effects of methanogens in the rumen (33) . We report here results from a study in which gnotobiotic lambs were inoculated with a complex ruminal microflora lacking methanogens and hydrogenotrophic bacterial populations and H 2 -utilizing capacities were measured at regular intervals over a period of 18 to 22 months. Similar measurements were obtained for control animals, which included conventional lambs and a methanogenfree lamb subsequently inoculated with a single species of ruminal methanogen. This study was carried out to determine whether nonmethanogenic hydrogenotrophs normally residing in the rumen can replace methanogens to obtain a functioning nonmethanogenic rumen and to determine whether ruminal acetogens offer possibilities for lowering ruminant methane emissions.
MATERIALS AND METHODS

Animals. (i) Preparation and maintenance.
The overall experimental outline is shown in Fig. 1 . Seven germfree lambs (lambs M1, M2, M3, M4, M5, G1, and G2) obtained by caesarean section were immediately transferred to sterile isolators equipped for a long-term experiment (27, 29, 30, 33) . Lambs M1 and M2 and lambs M3 and M4 were reared in pairs in the same isolator, while lamb M5 was reared alone. Lambs were fed ultrahigh-temperature-sterilized milk from cows until they were 70 days old, and after 6 weeks all animals except lambs G1 and G2 also had access to a ration of dehydrated alfalfa hay in the form of 7-mm pellets sterilized by ␥ irradiation. After 70 days, the animals were fed twice daily with only pellets. Each lamb was fitted with a permanent rumen plastisol cannula (diameter, 2.5 cm) at 10 weeks. Lambs M1, M2, M3, and M4 were reared in the isolators until the age of 22 months. Lamb M5 was withdrawn from the experiment at 18 months, and lambs G1 and G2 were withdrawn at 5 months. Two conventionally reared lambs (lambs C1 and C2) fed the same diet were used as controls. Feed consumption by each animal was measured throughout the experiment.
(ii) Inoculation. During the first week after birth, lambs M1, M2, M3, M4, and M5 were inoculated on three consecutive days with 1 ml of diluted rumen contents removed from an adult sheep fed alfalfa hay. Before dilution, the rumen contents (100 ml) were incubated anaerobically at room temperature for 24 h in the presence of bromoethanesulfonic acid at a final concentration of 0.1 mM to kill methanogens. Lambs M1 and M2 were inoculated with a 10 Ϫ3 dilution of the rumen contents, and lambs M3, M4, and M5 were inoculated with a 10 Ϫ7 dilution of the rumen contents. During their second week, each of the five animals was inoculated with 5 ml of a 10-day-old pure culture of each of two hydrogenproducing cellulolytic bacteria, Ruminococcus flavefaciens FD1 and Ruminococcus albus 7, grown on cellulose. These strains originated from the culture collection of the University of Illinois, Urbana-Champaign. At the age of 5 months, lamb M5 was further inoculated with a pure culture of the ruminal methanogen Methanobrevibacter wolinii. M. wolinii 87-7, isolated from a young lamb, was obtained from the INRA culture collection. Lambs M1, M2, M3, and M4 were inoculated with this methanogen at the age of 19 months. Lambs G1 and G2 were inoculated 5 days after birth with a mixture of two acetogen isolates, Ser5 and Ser8, to determine the ability of acetogens to colonize the rumen in the absence of other microbes. Isolates Ser5 and Ser8, purified from the rumen of a 20-h-old lamb, are gram-positive, strictly anaerobic coccobacilli that are able to grow as autotrophs on H 2 -CO 2 and as heterotrophs on various carbohydrates. Their taxonomic position was determined to be within cluster XIV of the clostridia (60, 62) .
Microbial inocula were directly introduced into the rumen via a stomach tube. Before fistulation, rumen samples were collected via the stomach tube. After fistulation, rumen samples were collected through the cannula. Immediately after collection, samples were transferred to sterile flasks with stoppers, which were flushed with O 2 -free CO 2 prior to introduction into the isolator.
After bromoethanesulfonic acid treatment, culture enumeration showed that the rumen contents used as a source of inocula contained 5 ϫ 10 5 reductive acetogens g Ϫ1 and 4 ϫ 10 7 fumarate-reducing bacteria g Ϫ1 . Thus, lambs M1 and M2 receiving the 10 Ϫ3 dilutions were expected to receive a complex ruminal community including nonmethanogenic hydrogenotrophs, and lambs M3 and M4 receiving 10 Ϫ7 dilutions were expected to be free of both acetogens and methanogens. According to the terminology of Ducluzeau and Raibaud (24) , lambs M1, M2, M3, M4, and M5, which harbored in their digestive tracts a microflora that was not well defined, were meroxenic, whereas lambs G1 and G2, which were inoculated with a defined bacterial community, were gnotoxenic.
Analyses. Volatile fatty acid (VFA) and gas concentrations were determined by gas chromatography (DI700 chromatograph; Delsi Instruments) using methods described previously (31, 32, 43) . Acetate and succinate concentrations in culture supernatants were determined enzymatically using Boehringer's method (Boehringer-Mannheim, SA, Meylan, France). During identification of bacterial isolates, fermentation products resulting from growth on fumarate were measured by high-performance liquid chromatography (42) . Statistical analyses of data were carried out using Student's t test.
Enumeration of microbial communities. Rumen samples were collected from meroxenic and conventional lambs at regular intervals throughout the experimental period so that methanogens and targeted bacteria could be enumerated. The sampling times for the different groups of lambs are shown in Fig. 1 . In general, samples used for enumeration were collected through the cannula just before morning feeding. Reductive acetogens, cellulolytic bacteria, and methanogens were cultured in AC-11 medium (12), Halliwell-Bryant medium (35) , and Balch medium (5), respectively. Enumeration in triplicate was carried out as described previously (22, 28, 61) . For lambs G1 and G2, acetogens Ser5 and Ser8 were also enumerated in roll tubes containing a medium with only soluble sugars as the growth substrate (49) . Fumarate-reducing bacteria were cultured in DSMZ medium 157 (http://www. dsmz.de/microorganisms/html/media/medium000157.html) for Wolinella succinogenes that was modified by removal of sodium formate and inclusion of 20% clarified rumen fluid and 0.1% Trypticase. Cultures under an H 2 -CO 2 (80:20) headspace at 202 kPa were considered fumarate utilization positive when the level of hydrogen decreased and the levels of succinate and propionate increased strongly in comparison to changes in control cultures incubated under N 2 -CO 2 . All cell densities were calculated using the most-probable-number method of Clark and Owens (15) .
All cultures were incubated for 3 weeks with shaking at 39°C. The establishment of R. flavefaciens and R. albus in 3-month-old lambs was determined by dot blot hybridization with target-specific oligonucleotide probes using methods previously described (7, 74) . The presence or absence of protozoans and fungi in the rumens of meroxenic lambs was confirmed by phase-contrast microscopy and by roll tube culture (38) , respectively.
Isolation and characterization of dominant ruminal acetogenic strains. To obtain information on dominant ruminal acetogens in methanogen-free lambs, 50 colonies were picked from agar roll tubes inoculated using the most dilute (10 Ϫ8 ) acetogen-positive cultures from most-probable-number enumerations from lambs M1 and M2 at 15 and 18 months of age. Cultures were grown in AC-11 broth under H 2 -CO 2 , and the purity of isolates was determined by examination by phase-contrast microscopy. Fifteen representative isolates were incubated to confirm the hydrogenotrophic capabilities, and seven isolates were selected for identification. Isolates 109D, 11A, J2, 22B, B2, 8F, and 69 were cultured on fumarate under an H 2 -N 2 headspace, and the end products were determined. Genomic DNA was extracted from overnight cultures using the bead-beating method of Stahl et al. (74) , and 16S rRNA genes were amplified by PCR using the universal eubacterial primers 27f and 1525r of Lane (45) . Both strands were sequenced using these primers together with internal primers 357r, 519r, 926f, and 1114f (45) and a Big Dye Terminator kit v3.0 (Roche). Sequences were assembled and edited using Lasergene (DNAstar Inc., Madison, WI) and were aligned with database sequences using the phylogeny software program ARB 6392 FONTY ET AL. APPL. ENVIRON. MICROBIOL. (53) . A dendrogram was generated in ARB using the neighbor-joining method, and similarity matrices were prepared. VFAs. Rumen contents for VFA analysis were collected just before morning feeding and 2 h after feed placement for all animals between 9 and 18 months old. For lamb M5 inoculated with M. wolinii 87-7, VFA levels were measured only at the end of the experiment.
Hydrogen utilization in rumen contents. H 2 utilization in rumen contents collected at regular intervals (8, 11, 15, 18, 21 , and 22 months) was measured throughout the study (Fig. 1 ). Rumen contents (15 ml) collected just before morning feeding were placed in screw-cap serum bottles (125 ml) containing the prereduced mineral solution (25 ml) of Bryant and Burkey (13) under O 2 -free CO 2 , and H 2 (5,400 Ϯ 250 mol) was injected by syringe. Bottles were incubated with shaking at 39°C for 8, 12, and 24 h. Incubations were carried out in duplicate. Two bottles without rumen contents but with H 2 (5,400 Ϯ 250 mol) and two bottles with rumen contents under CO 2 (5,400 Ϯ 200 mol) were included as controls. At the end of incubations, the total gas remaining in each bottle was measured by displacement using a glass syringe, and the headspace gas composition was determined. The quantity of H 2 (Q) was determined from Avagadro's Law (1 mol of gas occupies 22.4 liters under normal conditions of temperature and pressure), and the percentage of hydrogen utilization was calculated as follows: [(Q in controls Ϫ Q in tests)/Q in controls] ϫ 100, where Q was expressed in micromoles. Results were expressed as means Ϯ standard deviations of duplicates.
The fate of hydrogen utilized in in vitro incubations was determined from VFA levels measured in 24-h incubations. Hydrogen utilization was distinguished from hydrogen generation from fermentation by measuring hydrogen formation in duplicate incubations of rumen contents under an N 2 -CO 2 (80:20) headspace.
Effect of fumarate on in vitro hydrogen utilization. To determine the effect of fumarate on hydrogen utilization by the microflora, sodium fumarate was added to in vitro incubations at final concentrations of 18.7 and 37.4 mM.
Calculation of methane production, reducing equivalents, and contribution of reductive acetogenesis to overall fermentation. The expected methane production in rumen contents from conventional lambs and meroxenic lamb M5 harboring M. wolinii was calculated from the relationship between methane and VFAs established by Van Nevel and Demeyer (76) : M ϭ 0.450A Ϫ 0.250P ϩ 0.400B, where M is methane, A is acetate, P is propionate, and B is butyrate.
Recoveries of reducing equivalents (2H) in the in vitro fermentations were calculated from the stoichiometry of rumen fermentation (76) as follows, where M is methane, A is acetate, P is propionate, B is butyrate, and V is valerate: percentage of H 2 recovery ϭ 2H accepted/2H released ϫ 100, where 2H released ϭ 2A ϩ P ϩ 4B ϩ 3V and 2H accepted ϭ 2P ϩ 2B ϩ 4V ϩ 4M.
FIG. 1. Experimental outline showing interventions with respect to animal age (in months)
. Lambs M1, M2, M3, M4, M5, G1, and G2 were reared in sterile isolators, and lambs C1 and C2 were reared conventionally. Most lambs were initially fed sterilized cows' milk (open bars) and then sterile alfalfa hay (shaded bars); the exceptions were lambs G1 and G2, which were fed only milk. The times when rumen samples were removed for H 2 utilization tests are indicated by lollipop symbols. Lambs M1 and M2 were inoculated with a 10 Ϫ3 dilution of the rumen contents (D
Ϫ3
), and lambs M3, M4, and M5 were inoculated with a dilution 10 Ϫ7 of the rumen contents (D
Ϫ7
). Lamb M5 was inoculated with a pure culture of M. wolinii at the age of 5 months; lambs M1, M2, M3, and M4 received this species at the age of 19 months.
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The contribution of reductive acetogenesis (x) to overall rumen fermentations was calculated using the method of Faichney et al. (25) as follows:
, where M is methane, A is acetate, P is propionate, and B is butyrate.
Nucleotide sequence accession numbers. The 16S rRNA gene sequences (998 to 1,546 nucleotides) of the seven isolates described below have been deposited in the GenBank database under accession numbers EF025905 to EF025911.
RESULTS
Feed consumption. Feed intake for lambs over the experimental period is shown in Fig. 2 . For meroxenic lambs, the intake increased gradually during the first year in parallel with that of lambs containing a normal ruminal microflora, After 12 months, the intake stabilized at 1.4 kg day Ϫ1 for lambs M1 and M2 and at around 1.2 kg day Ϫ1 for lambs M3 to M5, compared with 1.5 kg day Ϫ1 for conventional lambs. Introduction of M. wolinii into lambs lacking ruminal methanogens had little effect on feed intake after 18 months (Fig. 2) . During the daytime meroxenic lambs, especially before the age of 4 months, consumed feed more irregularly than conventional lambs (data not shown). For all animals, the measured rumen pH was 6.6 to 6.8 before feeding and 5.8 to 6.2 2 h after the start of feeding (data not shown).
Establishment of hydrogenotrophic communities in conventional and meroxenic lambs. (i) Conventional lambs C1 and C2. Hydrogenotrophic communities became established during the first week of life. No hydrogenotrophs were detected 2 days after birth, but all hydrogenotrophs were detected at day 6. Subsequently, methanogens, reductive acetogens (acetogens), SRB, and fumarate-reducing bacteria were found to always be present. After complete weaning (10 weeks) the level of methanogens stabilized at around 10 8 cells g Ϫ1 , the level of SRB fluctuated between 10 5 and 10 6 cells g Ϫ1 , and the levels of reductive acetogens and fumarate-reducing bacteria varied from 10 5 to 10 7 cells g Ϫ1 . (ii) Gnotoxenic lambs G1 and G2. One week after inoculation with acetogens Ser5 and Ser8, the acetogen densities reached 10 6 to 10 7 CFU g Ϫ1 in roll tube cultures (data not shown). The acetogen densities determined from growth on carbohydrate in roll tube cultures increased over the first few weeks and stabilized at 10 9 to 10 10 cells g Ϫ1 after 8 weeks (Fig.  3) . For the same samples, the acetogen densities were found to be 10-to 100-fold lower when they were determined using growth on H 2 -CO 2 in broth culture (Fig. 3) .
(iii) Meroxenic lambs M1 and M2. Acetogens were first detected a few weeks after birth, and the population density increased slowly and fluctuated between 5 ϫ 10 6 and 5 ϫ 10 8 cells g Ϫ1 after the age of 5 months. SRB were not detected before 3 months, and then the densities remained between 5 ϫ 10 5 and 5 ϫ 10 7 cells g Ϫ1 . The first measurement of fumaratereducing bacteria was carried out when lambs were 4 months old and showed that population densities varied widely (5 ϫ 10 5 to 2 ϫ 10 8 cells g Ϫ1 ). When these methanogen-free lambs were inoculated with M. wolinii at the age of 19 months (Fig.  1) , this methanogen established itself rapidly and the population density reached 10 9 cells g Ϫ1 . (iv) Meroxenic lambs M3 and M4. In contrast to expectations, acetogens developed in meroxenic lambs M3 and M4 and were first detected in lambs that were 4.5 months old at a level of 10 6 cells g Ϫ1 . In lambs that were more than 6 months old, the acetogen densities fluctuated between 2 ϫ 10 7 and 5 ϫ 10 8 cells g Ϫ1 . SRB appeared at the same time as acetogens, but the population densities varied more widely (10 5 to 10 8 cells g Ϫ1 ). The densities of fumarate-reducing bacteria, which were monitored only from 4 months onward, were found to be highly variable (2 ϫ 10 5 to 5 ϫ 10 8 cells g Ϫ1 ). M. wolinii inoculated into lambs at 19 months established itself rapidly, and the densities reached were similar to those found in lambs M1 and M2 (10 8 to 10 9 cells g Ϫ1 ). (v) Meroxenic lamb M5. After inoculation at 5 months (Fig.  1) , M. wolinii colonized the rumen of meroxenic lamb M5 quickly, and the population density stabilized at 10 7 to 10 8 cells g Ϫ1 for the remainder of the experiment. The establishment sequence for acetogenic bacteria, fumarate-reducing bacteria, and SRB in lamb M5 was similar to that in lambs M1 and M2, and the population densities of the four hydrogenotrophs in lamb M5 at the end of the experiment were similar to those in lambs M1, M2, M3, and M4.
Establishment of cellulolytic bacteria. All meroxenic animals were found to be free of fungi and protozoans. Establishment of R. flavefaciens and R. albus in meroxenic animals was confirmed using rumen samples from 3-month-old animals by dot blot hybridization with targeted oligonucleotide probes. The presence of these species was also detected in conventional lambs. In conventional lambs, the levels of ruminal cellulolytic bacteria remained steady throughout the experiment at around 5 Ruminal VFA concentrations in meroxenic and conventional lambs. VFA concentrations (and other measurements for rumen contents described below) were determined mainly using samples collected after lamb behavior, feeding habits, and rumen microflora had stabilized (after 8 months). The ruminal VFA concentrations in 11-to 18-month-old lambs before feeding and 2 h after the start of feeding showed that there was effective fermentation of alfalfa hay in all animals ( Table 1 ). The ruminal VFA concentrations were higher in conventional lambs than in meroxenic lambs, including meroxenic lamb M5 containing a ruminal methanogen. Table 1 shows that the greater the complexity of the rumen community, the higher the VFA concentrations (C1 and C2 Ͼ M1 and M2 Ͼ M3 and M4). Rumen contents from lambs C1 and C2 with a complete ruminal microflora contained substantially more butyrate. For meroxenic lambs, the ruminal acetate/propionate ratios were markedly lower in samples collected 2 h after the animals received feed. In contrast, the acetate/propionate ratios in the rumens of conventional lambs were little affected by feeding (Table 1) . Table 2 shows that after inoculation with M. wolinii the acetate/propionate ratios in lambs M1 and M2 and in lambs M3 and M4 stabilized with respect to postfeeding effects and became similar to those in conventional lambs (Table 1) . After establishment of M. wolinii, the levels of methane formation in conventional and meroxenic lambs were 24.5 and 14.1 mmol liter Ϫ1 before feeding, respectively, and 39.7 and 33.5 mmol liter Ϫ1 2 h after the start of feeding, respectively (data not shown).
Hydrogen recovery and reductive acetogenesis in rumen samples. The hydrogen recovery and reductive acetogenesis data for rumen contents calculated from VFA data are shown in Table 3 . In rumen contents from meroxenic lamb M5 containing a ruminal methanogen, the H 2 recovery was substantially greater than 100% (Table 3 ). The reasons for this are not known. In rumen contents from meroxenic animals lacking ruminal methanogens, the H 2 recovery was less than 50% and was as low as 28%. The average hydrogen recovery was 91% for meroxenic lambs M1 to M4 following inoculation with M. wolinii (data not shown), and the data show the effectiveness of methanogens in capturing hydrogen in the rumen. Reductive acetogenesis made a significant contribution (21 to 25%) to overall ruminal fermentation in meroxenic lambs lacking ruminal methanogens (Table 3) and accounted for around 66% of the hydrogen recovery in these animals.
Hydrogen utilization in rumen contents from meroxenic and conventional lambs and effect of animal age on ruminal hydrogen consumption. H 2 utilization data for incubations under a headspace containing H 2 are shown in Fig. 4 . In conventional lambs and methanogen-containing lamb M5 at the ages of 8 and 11 months, 45 to 55% of the available H 2 was consumed after incubation for 8 h, and 58 to 75% of the available H 2 was consumed after 12 h of incubation. After 24 h all available H 2 was consumed. When these lambs were 15 and 18 months of age, the H 2 consumption increased to about 80% in 8-h incubations and to about 100% in 12-h incubations (Fig. 4) . Hydrogen utilization was always much a The values are means Ϯ standard deviations of eight samples collected at intervals from lambs that were 11 to 18 months old. Samples were removed just before feeding (T 0 ) and 2 h after the beginning of feeding (T 2 ). The values in parentheses are the percentages of the total VFA. In the same column, concentrations followed by different letters differ significantly (P Ͻ 0.05) for the concentrations obtained at T 0 (A, B, and C) and at T 2 (V, X, Y, and Z). a The values are means Ϯ standard deviations from two determinations. Samples were removed before feeding (T 0 ) or 2 h after the start of feeding (T 2 ). The values in parentheses are the percentages of the total VFA. In the same column, concentrations followed by different letters differ significantly (P Ͻ 0.1) for the concentrations at T 0 (A and B) and at T 2 (X and Y).
VOL. 73, 2007 HYDROGENOTROPHIC MICROBIAL COMMUNITIES IN LAMBS 6395
lower in rumen contents from animals lacking ruminal methanogens (Fig. 4) . The hydrogen utilization in meroxenic lambs M1 to M4 was lower than that in lambs M5, C1, and C2 containing methanogens (Fig. 4) (Fig. 4) . When the three groups of meroxenic lambs contained M. wolinii in their rumens, the rumen contents utilized 100% of the available H 2 after 24 h of incubation (Fig. 4) , and the headspaces contained methane and not H 2 (data not shown), showing the effectiveness of the methanogen.
The data in Fig. 4 suggested that there is a relationship between efficiency of ruminal H 2 consumption and animal age. To clarify this, the amounts of hydrogen consumed in 8-and 12-h incubations were plotted against animal age for each of the four groups of lambs. The results clearly showed that the H 2 -consuming capacity of rumen microbial communities in conventional lambs and in meroxenic lamb M5 containing a ruminal methanogen increased with animal age (Fig. 5) . The age effect was not evident after 18 months of age. The association between ruminal H 2 -utilizing capacity and age was less marked for meroxenic lambs lacking methanogens. In this case, the H 2 -utilizing capacity increased until 11 months of age and then stabilized (Fig. 5) .
Fate of hydrogen in incubations of rumen contents. Hydrogen consumption, VFA production, and methane production in rumen contents from the four groups of lambs after 24 h of incubation are shown in Table 4 . The VFA levels produced in incubations without H 2 in the headspace were low (data not shown). Methane was not detected in incubations of contents from methanogen-free lambs M1 to M4 but was detected in incubations of contents from conventional lambs and from meroxenic lamb M5 containing M. wolinii (Table 4 ). Table 4 shows that rumen contents from lambs M1 to M4 lacking ruminal methanogens produced high levels of acetate when the contents were incubated under H 2 -CO 2 . These acetate levels increased when H 2 utilization increased. This finding is in accordance with the hypothesis that reductive acetogenesis is the dominant hydrogenotrophic mechanism. When acetate levels expected from complete hydrogen capture by acetogenesis were calculated from the equation 4H 2 ϩ 2CO 2 3 CH 3 COOH ϩ 2H 2 O, the levels were 10 to 20% greater than those measured (Table 4) . This suggests that a proportion of ruminal H 2 in lambs lacking methanogens was captured by processes other than reductive acetogenesis. Alternative H 2 sinks may be associated with the increased propionate and butyrate levels found in incubations (Table 4) . In conventional lambs and in meroxenic lambs containing M. wolinii, methanogenesis was the dominant hydrogen sink. In all lambs with ruminal methanogens, the amount of methane measured (Table 4) . Effect of fumarate on hydrogen consumption and methane production in vitro. In Table 5 , the results for 8-h incubations show that addition of fumarate significantly increased (7 to 50%) H 2 consumption in rumen contents from all lambs containing methanogens (conventional lambs C1 and C2 and meroxenic lamb M5) except those 18 months old. The increased consumption was not fumarate concentration dependent. When fumarate was added to rumen contents from 8-, 11-, and 15-month-old lambs M1 to M4 lacking ruminal methanogens, H 2 consumption increased markedly (33 to 76%) in both 8-and 12-h incubations ( Table  5 ). The greatest increases were observed for meroxenic lambs M1 and M2, with the more complex microflora suggesting that the effects of fumarate on ruminal H 2 consumption may be community dependent. Effects may also be animal age dependent because fumarate had little effect on H 2 consumption in rumen contents from 18-month-old methanogen-free lambs ( Table 5 ). The effects of fumarate on methane production are shown in Table 6 . Fumarate at concentrations of 18.7 and 37.4 mM decreased methane production in rumen contents from lamb M5 containing M. wolinii by 10 to 12% and 15 to 24%, respectively. In rumen contents from conventional lambs C1 and C2, the decreases in methane production were smaller and the size of the decreases varied with animal age and incubation period. Methane production in the presence of 18.7 and 37.4 mM fumarate decreased by 3 to 11% and by 7 to 13%, respectively, in 24-h incubations ( Table 6) .
Metabolism of fumarate in rumen contents lacking methanogens. Fermentation end products from fumarate were determined only for rumen contents from methanogen-free lambs. Table 7 shows propionate production from fumarate for lambs M1 and M2. Similar results were obtained for lambs M3 and M4 (data not shown). Figure 6 shows the effects of fumarate on acetate, propionate, and H 2 utilization for lamb M1 at 15 months. In all incubations, fumarate was converted predominantly to propionate (Fig. 6 and Table 7) , with net production of only small amounts of acetate (Fig. 6 ) and no measurable butyrate (data not shown). Expected levels of propionate were calculated from the amounts of H 2 consumed (Table 4) the stoichiometry of fumarate reduction to succinate. The expected levels together with the measured levels of propionate are shown in Table 7 . In 8-and 12-h incubations, the propionate production was less (43 to 73%) than that expected, whereas in 24-h incubations the production was greater (115 to 178%) than that expected. Identification of ruminal reductive acetogens in meroxenic lambs lacking methanogens. The phenotypic characteristics of reductive acetogens isolated from meroxenic lambs lacking methanogens are shown in Table 8 . Of the seven predominant acetogens selected for identification, isolates J2, 8F, and 11A were the most highly active hydrogenotrophs in initial tests. After subculturing, only isolate 8F retained acetogenic capacity when it was grown on H 2 -CO 2 . During growth on fumarate under H 2 -N 2 , all isolates produced succinate as an end product, but only isolate J2 utilized H 2 . Isolate J2 also was the most effective at converting fumarate to succinate (approximately 100%), and isolates 69, 11A, and 8F produced only 50, 28, and 9%, respectively, of the succinate expected on an equimolar basis (data not shown). None of the isolates produced propionate from fumarate (Table 8) .
A phylogenetic tree (Fig. 7) showing inferred genetic relationships was generated from 16S rRNA gene sequences, and similarity matrices were prepared. Isolate J2 was found to be most closely related to Escherichia coli (98.1%) and Shigella boydii (98.2%). Isolate B2 was most closely related (99.9%) to Enterococcus gallinarum. Isolate 8F was most closely related (99.8%) to Clostridium coccoides. Isolate 11A was most closely to E. coli (97.7%) and S. boydii (97.7%). Isolate 22B was most closely related (100%) to E. gallinarum. Isolate 69 was most closely (99.6%) related to Clostridium symbiosum, and isolate 109D was most closely related (99.5%) to Propionibacterium australiense. 
a The values are means Ϯ standard deviations for two samples. For each group of lambs, values followed by different letters in the same row differ significantly (P Ͻ 0.05).
b ND, not determined.
DISCUSSION
Feed consumption and ruminal fermentation. Our results show that it is possible to rear lambs to adulthood without methanogenic archaea in their rumens. To the best of our knowledge, this is the first report of nonmethanogenic adult ruminants. Previously, gnotobiotic lambs lacking ruminal methanogens have been reared for short periods (Ͻ3 months) to investigate the effect of methanogens on plant cell wall degradation and overall fermentation in vivo (30, 33, 77) . The feed intake in meroxenic lambs was lower than that in lambs with a normal ruminal microflora, and the feed intake declined in parallel with decreased microbial complexity in the rumen (Fig. 2) . The lower intakes probably arose from the lack of methanogens and/or lack of fungi and protozoans. In sheep fed a fibrous diet, feed intake has been shown to decrease when ruminal fungi are removed (34) . The in sacco digestibility of wheat straw decreased in meroxenic lambs when ruminal methanogens were absent (33) .
Nevertheless, the ruminal populations in methanogen-free meroxenic lambs were sufficient for growth on a fibrous diet. The levels of ruminal cellulolytic bacteria monitored throughout the study were consistent with those in functional rumens (27, 29, 30) . The ruminal VFA levels in the meroxenic lambs were lower than those in the conventional lambs but were in agreement with levels previously observed in meroxenic lambs (31, 32) , and results showed that the more complex the ruminal microflora, the higher the VFA levels. The low butyrate levels in meroxenic lambs were probably due to the absence of protozoans (44) . The ruminal acetate/propionate ratios in lambs lacking methanogens were lower than those in the conventional lambs, in agreement with results from in vitro incubations of rumen contents in which methanogens were inhibited (17) .
Development of hydrogenotroph populations. One aim of this study was to obtain information on hydrogenotrophy in the rumens of methanogen-free lambs in the presence and absence of ruminal acetogens. In an effort to establish acetogen-free animals, two germfree lambs (lambs M3 and M4) were inoculated with a high dilution (10 Ϫ7 ) of methanogen-free rumen contents believed to lack acetogens (the levels of ruminal acetogens in the donor sheep had been estimated to be around 5 ϫ 10 5 cells g Ϫ1 ). We were surprised to find that after a long delay reductive acetogens were detected in these animals.
(i) Acetogens. In conventional lambs, a hydrogenotrophic acetogenic community became established rapidly after birth, as observed previously (61, 62) . In gnotoxenic lambs G1 and G2, inoculated acetogens established themselves quickly as the sole ruminal occupants, showing that, unlike the cellulolytic bacteria, which require a diverse microbiota for establishment (27, 30, 36) , acetogens can colonize and become established independent of other microbes. Acetogens are metabolically very versatile, and heterotrophic growth is favored over autotrophic growth on H 2 -CO 2 (23, 57) . In lambs G1 and G2 it is likely that acetogens grew on the mucus and desquamated epithelial cells in the developing rumen (28, 68, 69) .
Because acetogens were the sole ruminal inhabitants, rumen contents from lambs G1 and G2 provided an opportunity to test methods of enumeration. Growth on carbohydrates in solid media resulted in acetogen densities that were 10-to 100-fold higher than those after growth on H 2 -CO 2 (Fig. 3) . This shows that enumeration on H 2 -CO 2 markedly underestimates true acetogen densities in the rumen. In the present study, such an underestimation may explain why acetogens appeared in lambs M1 to M5 contrary to expectations.
In lambs lacking ruminal methanogens, reductive acetogens became established slowly. The reasons for this are not known, VOL. 73, 2007 HYDROGENOTROPHIC MICROBIAL COMMUNITIES IN LAMBS 6399 but this observation probably reflected adaptation of populations and slow development during exposure to high levels of hydrogen in vivo. The delay in detection was much longer in lambs M3 and M4 (several months) than in lambs M1 and M2 (6 weeks), suggesting linkage with microbial community complexity or with initial low levels of acetogens. When rumen populations in lambs M1 to M4 stabilized, the acetogen densities measured in methanogen-free lambs were similar to those in conventional ruminants (48) . Characterization of several isolates from meroxenic lambs M1 and M2 revealed that the ruminal acetogens included E. coli and E. gallinarum, bacteria usually not associated with hydrogen consumption in the rumen. No efforts were made to exhaustively isolate acetogens, and it is probable that lambs contained a wider range of acetogens than that shown in Table  8 . Two strains of E. coli and a strain of C. coccoides were the most efficient reductive acetogens. Many original isolates lost their reductive acetogenic capacity during subculturing and maintenance. Of the purified bacteria (Table 8) , only C. coccoides currently retains its reductive acetogenic capacity. The reasons for this are not known, but unexpected loss of hydrogenotrophic capacity during subculturing has also been observed for isolates of reductive acetogens from mature ruminants (K. Joblin and D. L. Pacheco, unpublished data).
(ii) Methanogens. The population densities of ruminal methanogens in the conventional lambs were similar to those in ruminants (41) . In meroxenic animals, M. wolinii inoculated into "acetogenic" rumens became established rapidly and the population densities reached were high, showing the competitiveness of methanogens in the rumen environment.
(iii) Fumarate-reducing bacteria. All seven isolates purified on the basis of their initial acetogenic capabilities were found to reduce fumarate to succinate (Table 8) , but only one consumed hydrogen during this process. This suggests that although ruminal bacteria such as Selenomonas ruminantium, Fibrobacter succinogenes, E. coli, Veillonella parvulum, and W. succinogenes reduce fumarate using H 2 as an electron donor (2, 3), fumarate metabolism in the rumen does not necessarily involve consumption of hydrogen gas.
Hydrogen utilization by hydrogenotrophic communities. In conventional lambs, acetogens made little contribution to hydrogen utilization ( Table 3 ), indicating that reductive acetogenesis is not significant in the normal rumen. The natural methanogenic community in conventional lambs and a less complex ruminal community in a meroxenic lamb inoculated with a methanogen each consumed hydrogen much more rapidly than communities from meroxenic lambs lacking ruminal methanogens. Ruminal H 2 utilization in meroxenic lambs M3 and M4 was lower than that in meroxenic lambs M1 and M2 and was probably related to the lower microbial diversity in the former animals. In our tests, the headspace hydrogen levels were much higher than the hydrogen thresholds for acetogens (40, 73) and so would be expected to favor growth of acetogens. Nevertheless, results for methanogen-free lambs clearly demonstrated that reductive acetogenesis was not as efficient as methanogenesis as a hydrogen sink in the rumen. The competitive advantage of methanogens over acetogens in hydrogen utilization can be explained by higher energy yields, higher substrate affinity, and lower thresholds (23, 57, 73) . Nevertheless, some digestive ecosystems, such as those in the human colon (8, 9) and the guts of wood-and grass-feeding termites (11, 12) , can be dominated by reductive acetogens rather than methanogens.
In lambs lacking ruminal methanogens, reductive acetogenesis was the major hydrogenotrophic process, although fumarate-reducing bacteria and SRB were present. A major proportion of the reducing equivalents generated in the rumens of methanogen-free meroxenic lambs was not used by reductive acetogens to convert CO 2 to acetate. The recovery of hydrogen was low (28 to 46%), and the contribution of reductive acetogenesis to hydrogen capture was small (21 to 25%). These results are similar to findings for young lambs harboring weak methane-producing ruminal communities (25) . In the present study, it was not possible to check for hydrogen inside isolators. It is likely that low ruminal hydrogen recovery values for lambs lacking methanogens are largely a consequence of loss of hydrogen gas to the atmosphere. Hydrogen gas has been found to accumulate in lambs treated with chloroform to inhibit methanogens (K. Joblin and G. Naylor, unpublished data). In the human colon, approximately 20% of the hydrogen produced during microbial fermentation is eliminated in breathing (8, 10) . Some of the reducing equivalents not accounted for may be in the form of lactate, formate, and ethanol, which were not measured in our experiments. Such reduced compounds can accumulate in the absence of an efficient H 2 sink, such as methanogenesis (78) .
For both conventional lambs and meroxenic lambs harboring ruminal methanogens, the methane production from rumen contents under H 2 -CO 2 was higher than that expected from stoichiometry (Table 4 ). The reasons for this are not known, but methane precursors, such as formate or hydrogen, may have been produced during incubation. It has been reported that in mixed cultures hydrogen production by Selenomonas ruminantium, a common rumen bacterium, increased in the presence of methanogens (72) .
A novel finding was that the hydrogen consumption capacities of the ruminal microflora increased with animal age (Fig.  4 and 5) . The age-related ruminal hydrogen utilization was most marked for conventional lambs and a meroxenic lamb inoculated with a ruminal methanogen. The observed correlation was evident until animals were at least 12 months old. We also found that the effect of fumarate on ruminal H 2 utilization was animal age dependent (Table 5 ). To the best of our knowledge, this is the first report of a relationship between animal age and rumen microbial function in weaned ruminants.
Addition of fumarate to methanogenic rumen contents from conventional lambs and lamb M5 containing M. wolinii reduced methane production by up to 24% (Table 6) , and the sizes of the reductions were similar to those found when fumarate was added to a Rusitec simulation of the rumen (52) . In general, the size of the decrease correlated with the amount of fumarate converted to propionate (data not shown), indicating that most fumarate was converted via succinate (78) . Higherthan-expected quantities of propionate (Table 7) and acetate ( Fig. 6) were found in 24-h incubations. These quantities are believed to have arisen from fumarate fermentation to succinate without H 2 oxidation. This hypothesis is consistent with the properties of dominant hydrogenotrophic bacteria isolated from the lambs (Table 8 ).
In conclusion, the present study showed that ruminal methanogens are not essential for effective fermentation in the rumen and that methanogens as a hydrogen sink can be replaced by reductive acetogens. However, reductive acetogenesis was not as efficient as methanogenesis. In the present work, ruminal reductive acetogenesis developed (slowly) after inoculation with incomplete rumen microflora. The inocula may not have included the most efficient reductive acetogens. We believe that inoculation of methanogen-free (or methanogensuppressed) ruminants with more active reductive acetogens obtained from herbivores or from nonmethanogenic anaerobic ecosystems could increase ruminal hydrogen consumption above that observed in this study. Our results showed that reductive acetogens are unlikely to become established in the rumen unless methanogen-suppressing agents are applied. If safe reliable methods for eliminating or inhibiting ruminal methanogens can be developed and the effects maintained, reductive acetogens have the potential to be an important part of strategies to lower ruminant methane emissions.
